A physical map of the chromosome of an M type 1 strain of Streptococcus pyogenes was constructed following digestion with three different restriction enzymes, SmaI, SfiI, and SgrAI, and separation and analysis of fragments by pulsed-field gel electrophoresis. The genome size of this strain was estimated to be 1,920 kb. By employing Southern hybridization and PCR analysis, 36 genes were located on the map.
Streptococcus pyogenes is a member of the group A streptococci (GAS) and is known to be responsible for a wide variety of human diseases. Recently, there has been a remarkable increase in the rate of severe invasive infections caused by the GAS (2, 11, 26) , and more than 70% of the GAS strains associated with these infections were of the M1 and M3 serotypes.
In spite of intensive studies on the genetics of S. pyogenes in recent years, little is known about the organization of genes on the chromosome, particularly those associated with pathogenicity. The only GAS region investigated comprehensively is the mga (mry, vir) regulon (33) , consisting of the genes encoding M protein, C5a peptidase, and immunoglobulin G or A receptor proteins. However, this regulon represents less than 0.5% of the GAS genome. The number of GAS genes sequenced so far represents only about 3% of the total genome, and their positions on the chromosome relative to one another have not been ascertained. A major obstacle in the genetic analysis of any of the pathogenic streptococci has been a lack of the classical mechanisms of genetic exchange found in other organisms. The ability to separate large pieces of DNA by pulsed-field gel electrophoresis (PFGE) has facilitated the construction of new physical and genetic maps of the chromosomes of about 100 microorganisms (8) . However, until now no pathogenic streptococci were investigated in this way. In a previous study, we employed PFGE for the separation of GAS chromosomal fragments after digestion with rare-cutting restriction enzymes (38) . This technique was also used to distinguish GAS strains belonging to the same (MI) serotype (39) . In this study, we report on the first physical and genetic map of the chromosome of an M type 1 GAS.
Restriction analyses of streptococcal genome by PFGE. The strain used for analysis in this study was S. pyogenes SF370, a well-characterized M1 strain possessing the same restriction fragment length polymorphism pattern found in strains associated with severe invasive disease. This strain carries a speCcontaining, but not a speA-containing bacteriophage.
The restriction enzymes SfiI, SgrAI, and SmaI were used to digest genomic DNA in these studies since they resulted in only 6, 11, or 13 fragments, respectively, ranging in size from 50 to 500 kb. Molecular sizes of the resultant fragments were estimated as a result of numerously repeated experiments and are presented in Table 1 . The sum of the relative restriction fragment sizes established an estimated size of the entire GAS chromosome of 1,920 kb. This streptococcal genome is considerably smaller than the genomes of Escherichia coli (4,700 kb) (18) , Bacillus subtilis (5,700 kb) (18) , or even Streptococcus mutans (2,800 kb) (9) . The GAS genome size allows for a sufficient number of genes to contribute to its pathogenicity even though it may not have certain genes for a wide range of metabolic functions. Which genes are missing, however, is not known at present. The estimated minimal size of a bacterial genome is about 550 kb (13) .
Construction of the GAS chromosome physical map. In order to arrange the fragments in the restriction map, several strategies were employed. First, double digestion of the same agarose-DNA sample was accomplished with two restriction enzymes when a specific buffer suitable for SmaI or SgrAI digestion was replaced after 4 to 6 h with an SfiI-specific buffer. SmaI and SgrAI restriction enzymes, which require the same buffer conditions, were added simultaneously. This approach was of limited value because only a few of the fragments of high molecular weight (between the 500-and 100-kb fragments) contained restriction sites for different enzymes and the resultant fragments were often hard to distinguish from the fragments appearing after the single digest. Resolution of the fragments with molecular sizes smaller than 100 kb by this strategy was also difficult because of the large number of both SmaI and SgrAI fragments in this molecular size range. Double digestion of DNA restriction fragments removed from the agarose gel after PFGE and then digested with a different restriction enzyme was problematic because the amount of DNA was usually insufficient for visualization of the results of the second digestion.
A second approach used in mapping was based on the construction of a gene library of chromosomal fragments flanking the SfiI restriction site. For this purpose we used plasmid pGEM1 Zf(ϩ), containing the SfiI site in the polylinker. After digestion of the GAS chromosome with SfiI and Sau3A, the resulting restriction fragments were force cloned into pGEM11 previously digested with SfiI and BamHI. Clones from this DNA library were selected and analyzed for the presence of a DNA insert. Fifty plasmids containing inserts of different sizes were labeled with digoxigenin and tested by hybridization (37) with the SfiI-, SgrAI-, or SmaI-digested chromosomal DNA. By using this strategy the junctions of several restriction fragments were identified; however, the results of some hybridizations were not easily interpreted because two or more hybridization bands were sometimes observed. This result may have occurred because of the possibility of cloning more than one Sau3A restriction fragment belonging to different parts of the chromosome in one plasmid.
The most valuable technique for mapping involved the isolation of large restriction fragments cut out of the agarose gel and used as probes for hybridization with various restriction fragments. These large fragments, isolated from Seakem Gold agarose and treated with Gene Clean, were ideal probes for hybridization and gave little or no background. It is important to mention that initially only SfiI and SmaI restriction enzymes were used for restriction mapping of the GAS chromosome. Restriction digests using SgrAI were performed later for confirmation of the previous data. The resultant restriction map of the M1 GAS chromosome is presented in Fig. 1 . Relative locations of the majority of the restriction fragments were established with a high degree of certainty; however, the locations of several small restriction fragments, ranging from 30 to 60 kb, might require additional verification.
Genetic map of the GAS chromosome. Genetic mapping was accomplished with DNA probes from the streptococcal genes listed in Table 2 by hybridization with PFGE restriction fragments. DNA probes used for labeling were obtained from plasmids containing known streptococcal genes (e.g., streptokinase [ska], hyaluronidase [hyl], etc.) or by PCR using primers designed according to the known DNA sequence (e.g., M1 protein gene [emm] , plasmin receptor gene [plr], etc.). DNA sequences for selection of primers were obtained from either publications or the GenBank database. Some of the probes were obtained after the DNA fragments were cut out of agarose and purified with the Gene Clean II kit (Bio 101, Inc., La Jolla, Calif.). The plasmid gene probes usually gave better hybridization results than the probes generated by PCR; this may reflect the differences in quality of PCR primers or the possibility of false priming. Nevertheless, any initial problem with hybridization could always be overcome by gel purification of the PCR fragment of the anticipated size, increasing the annealing temperature, or performing the hybridizations under stringent conditions. Confirmation of all hybridization data obtained with PCR-generated probes was accomplished by PCR amplification of DNA restriction fragments extracted from the agarose after PFGE.
Among the 36 different GAS genes available for analysis, eight which might be important for expression of the virulence were found to be located on two relatively small SmaI fragments (130 and 190 kb). Their exact proximity to one another on these fragments has yet to be determined. An observation of interest is that these two restriction fragments were found to hybridize with the gene probes of both plr and slo. Additionally, when each of the fragments was independently isolated from agarose and subjected to PCR amplification with primers specific to slo and plr, products of the expected size and sequence were obtained. The intensity of the hybridization signal with the 130-kb fragment was always higher. The most likely explanation for these results is the incomplete digestion of GAS chromosomal DNA at hemimethylated SmaI sites or the presence of small amounts of contaminating DNA. However, there is the possibility that different arrangements of genes on the chromosomal map might exist in a population of cells of the same GAS strain, providing the organism with the flexibility of responding to different environmental conditions. Several sites were observed to hybridize with bacteriophagespecific genes; e.g., the int gene and the hylP genes were located on fragments separated by approximately 200 kb. The int gene probe was derived from phage T12, known to carry the speA gene, and the hylP gene was obtained from a phage associated with an M49 strain. Whether these sites represent intact or defective phages is unknown.
Hybridization analyses of GAS chromosomal DNA using a ribosomal operon gene probe from Enterococcus hirae (34) revealed the presence of six operons. By comparison, there are ten rRNA operons in B. subtilis (18) , seven in E. coli (18) , six each in Lactococcus lactis (43) , Enterococcus faecalis (25) , and Streptococcus thermophilus (31) , and four in Pseudomonas aeruginosa (30) . In the GAS, three rrn operons were clustered in one region and three were distributed separately; however, their exact location and orientation need to be further defined. Additionally, hybridization analyses using PCR-generated probes for genes responsible for fibrinogen binding indicated the presence of all three genes so far described for fibrinogenbinding proteins (4, 7, 19, 41) .
Generation of this preliminary physical and genetic map, though fairly superficial because of the limited number of identified genes, provides the first insight into the organization of the entire GAS genome. It does not provide information concerning the mutual functioning of genes possibly involved in pathogenicity, which will require further detailed analysis. Towards this end, strain SF370 will be the prototype strain employed in a complete sequence analysis of a GAS strain. It should be kept in mind that the physical mapping of the chromosome of a particular M1 strain may vary since different restriction fragment length polymorphisms have been observed among M1 strains (36, 39) . However, this kind of analysis is 
